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Introduction 64
Eco-friendliness, energy efficiency and cost effectiveness associated with safety are significant drivers 65 accountable for the development of cold bituminous emulsion mixtures (CBEM) as a substitute for hot 66 mix asphalts (HMA). CBEMs are popular types of cold asphalt mixtures (CAMs) that are produced 67 with no application of heat in comparison to traditional HMA. Consequently, this technology 68 contributes to the protection of environmental and occupational health and safety Needham [1] , [2] . In 69 contrast to HMAs, CBEMs do not achieve their ultimate strength and other associated properties as 70 quickly after application. CBEMs are identified to have low early strength, long curing times, the 71 resultant mixtures having quite high porosites [3] . When comparing emulsion mixtures to HMA in 72 general, they are of a relatively low quality as demonstrated by Ibrahim and Thom [4] . 73 CBEM technology for road pavements has been employed in several countries. The USA and France 74 have been using CBEMs since the 1970's and seem to have a substantial bank of knowledge about the 75 performance of these mixtures [5] . The annual levels of manufacture has reached 1.5 million tonnes in 76
France [6] . However, using cold emulsified asphalt as structural layers which require a longer curing 77 time for such materials to reach their full strength after construction is restrictive, mainly in the UK, 78 because of high sensitivity to rainfall by these mixes in the early stages of installation [7] . 79
Characteristics exhibited by emulsion bound mixtures continuously change (stiffness modulus, rutting 80 resistance, water sensitivity, fatigue resistance, etc.) until they reach a steady state at a fully cured 81 condition, although they may still contain a low amount of residual water. However, evolutional 82 characteristics have been exhibited by CAMs, especially during their early life, where early cohesion is 83 low, increasing gradually [8] . 84
The mechanical properties of CBEMs have been examined by many researchers such as Terrel and 85 Wang [9] who found that the addition of cement to emulsion-treated mixes resulted in an acceleration 86 in the rate of the development of resilient modulus. Another study was implemented by Head [10] in 87 order to improve the Marshall stability of modified cold asphalt mix. He found that with the addition 88 of 1% Ordinary Portland Cement (OPC), the Marshall stability of modified cold asphalt mixes improved 89 approximately 3-fold compared with un-treated mixes. An examination of the role of cement inemulsion-treated mixes to enhance the slow improvement of strength of these mixtures was carried out 91 by Schmidt et al. [11] . They concluded that when cement was added to the aggregate at the time the 92 asphalt emulsion was combined, mixes cured faster, additional resilient modulus (Mr) developed more 93 quickly and there was a higher water damage resistance. Previous studies on the mechanical properties 94 of three-phase cement-asphalt emulsion composites (CAEC) reported that most of the properties of 95 both cement and asphalt were present in CAEC; longer fatigue life and low sensitivity to temperature 96 in cement concrete and higher toughness and flexibility in asphalt concrete [12] . Brown and Needham 97
[13] carried out a study on cement modified emulsion mixtures where the prime aim was the evaluation 98 of the influence of adding OPC in emulsified mixes. They used a granite aggregate grading in the middle 99 of 20mm dense bituminous macadam with a single slow-setting emulsion. They concluded that the OPC 100 addition enhanced the mechanical properties namely: stiffness modulus, resistance to permanent 101 deformation and the fatigue strength of the emulsified mixes. Oruc et al. [7] performed an investigation 102 to evaluate the mechanical properties of emulsified asphalt mixtures including 0-6% OPC which was 103 substituted for mineral filler. A significant improvement was revealed with the addition of a high 104 percentage OPC, leading them to speculate that cement modified asphalt emulsion mixtures might be 105 utilized as structural layers. Al-Hdabi et al. [14] carried out experiments on the mechanical properties 106 and water damage resistance of cold-rolled asphalt (CRA) incorporating OPC as a substitute to 107 conventional filler and waste bottom ash (WBA). The results showed a considerable enhancement in 108 stiffness modulus and uniaxial creep tests in addition to water sensitivity. Cement has been used widely in CBEMs, but cement production is accountable for 5% of global 120 greenhouse gases (GHG) [18] . However, CBEMs can be further developed when manufactured with 121 waste materials thus addressing environmental and economic concerns. That said, it is necessary to 122 replace cement with waste materials that has the same or better performance. Research by Ellis et al. 123 [19] considered a range of storage grade macadams consisting of recycled aggregates from different 124 sources bound by bitumen emulsion and Ground Granulated Blastfurnace Slag (GGBS). They 125 concluded that stiffness and strength can develop when GGBS is incorporated in high humidity 126 conditions. Thanaya et al. (BBF and TBF). They used OPC, fly ash and GGBS for the BBF while TBF was obtained by 133 incorporating silica fumes with BBF. They concluded that the mechanical and durability properties 134 indicated that TBF was more appropriate than BBF for the manufacture of CAEMs. In addition, they 135 stated that a TBF mixture would be effective in road pavements which were subjected to harsh 136 conditions both in hot and cold weathers. with high pH in two types of fly ashes, has the ability to break the glassy phase in the cement free 141 system. In addition, Sadique et al.
[24] performed a study to explore the pozzolanic reactivity of 142 calcium rich fly ash by blending and grinding it in a cement-free system. They reported that the 143 hydration effects and strength enhancement in the new blend were comparable to cement. None of these studies has investigated waste binary filler systems activated by waste alkali solutions. 167
Such binary blended cement filler (BBCF) can be activated to achieve higher strength values within a 168 short period of time, eliminating the problems relating to curing time and low early strength of the 169
CBEMs for binder courses. 170 by waste materials as the use of these materials is beneficial both in terms of being environment friendly 172 as well as offering substantial economic advantages. Enhancements in mechanical properties were 173 evaluated by using the indirect tensile stiffness modulus, a high-temperature wheel tracking test and 174 thermal susceptibility. At the same time, a water susceptibility test was performed to examine the 175 durability of the new CACB. Scanning Electron Microscopy (SEM) observation has also been applied 176 to investigate the microstructure of the new CACB mixtures. 177
Materials 178

Aggregates 179
The coarse and fine aggregate utilized in this research to manufacture all the mixtures comprised of 180 crushed granite from Carnsew Quarry at Mabe, Penryn, UK. This is usually used to produce hot asphalt 181 concrete mixtures, so the selection of aggregate gradation followed hot mix asphalt guidelines. The for the material to transmit load. 198
Bitumen emulsion and asphalt 199
To prepare the CACB mixtures, cationic slow setting bitumen emulsion (C60B5) was used. This kind 200 of emulsion is designed for use in road pavements and common maintenance applications. Thanaya (EDXRF) spectrometer are given in Table 1 . 216 The diffraction pattern of FC3R illustrates that the material has very low crystalline peaks with an 232 amorphous nature. Consequently, it will show high reactivity during the hydration process and can be 233 used as an activator material as shown by the diffraction pattern in Figure 3 . 
Sodium hydroxide (NaOH) alkali waste 243
A sodium hydroxide (NaOH) alkali waste solution produced from an acid neutralisation plant 244 containing ≤ 8% NaOH in water, was used as the alkali activator. This caustic waste product was 245 supplied by Lambson Ltd originating at Magnesium Electron Ltd. It is a waste by-product of the 246 extraction of magnesium from sea water. 247
Samples preparation and conditioning 248
Currently, there is no agreed design mixture for CBEM neither in the UK nor worldwide, but mix design 249 procedures for CBEM have been presented by some authorities and researchers [32, 37, 38] . The 250
Marshall mix design procedure, as specified by the Asphalt Institute (Marshall Method for Emulsified 251
Asphalt Aggregate Cold Mixture Design (MS-14)) [37] , was used in this investigation for designing the 252 cold asphalt mixtures. 253
Firstly, aggregate gradation was chosen as outlined in section 2.2. Next, the initial emulsion content 254 was determined by using an empirical equation that governs the aggregate gradation as recommended 255 test. Finally, a mix density test was carried out to decide the optimum total liquid content at compaction 262 (OTLCC) (i.e. emulsion plus pre-wetting water contents providing the highest mix indirect tensile 263 strength and density). As a result, the PWWC, OTLCC and optimum residual bitumen content were 264 found to be 3.5%, 14% and 6.3%, respectively. These findings are comparable to those published by 
Experimental program and tests performed 298
A variety of laboratory tests were carried out to evaluate the performance of the new CACB. The main 299 laboratory programme covered the stiffness modulus, temperature susceptibility, rutting resistance and 300 resistance to moisture damage assessed using the indirect tensile stiffness modulus test, wheel tracking 301 tests at high temperatures and stiffness modulus ratio, respectively. In addition, scanning electron 302 microscopy was employed to investigate the microstructure of the new binder paste. 303
To assess the load bearing capacity of the layer manufactured from the asphalt mix, the indirect tensile 306 stiffness modulus was determined. The ITSM tests were carried out at 20°C and were conducted on 307 Table  312 4. Incorporation of the HCFA was achieved through full replacement of the conventional limestone 313 filler. Consequently, HCFA was selected for 100% replacements, while FC3R was used as 314 supplementary cementitious material to produce a binary blended cement filler (BBCF). Sodium 315 hydroxide (NaOH) alkali waste was then incorporated as a replacement for the pre-wetting water 316 content to produce an alkali activated binary blended cement filler (ABBCF). Following their 317 preparation, the samples were kept in the lab up to the time of testing. ITSM test was conducted at 1, 3, 318 7, 14, 21 and 28 days. 319
The ITSM test was also performed at various testing temperatures, namely 5, 20 and 45 °C to investigate 320 the susceptibility of CACB mixtures and control mixtures to temperature. 321 
Rutting resistance 327
The evaluation of rutting resistance was achieved using the wheel-tracking test which is a simulative 328 through repeated passes of a loaded wheel (10000 cycles). The traveling distance was 230 ± 10 mm at 334 a speed of 42 ± 1 cycles/min. at a temperature of 60°C. The resulting deformation on the slab is 335 measured in each of the wheel passes. Figure 6 shows the HYCZ-5 small size wheel-tracking equipment 336 used by LCMT labs while Table 5 
Water sensitivity 353
Water sensitivity has a vital role in the mix design criteria from a pavement engineer's point of view. In this test, two sets of cylindrical specimens were fabricated and separated using a Marshall hammer 359 with five parallel specimens in each set of samples. The first set of samples known as the dry set 360 (unconditioned), were kept dry at room temperature (20°C) for 24 hours in their mould. They were de-361 moulded the following day and left in the lab for 7 days. The second set, known as the wet set 362 (conditioned), were left at lab temperature (20°C) for 24 hours, de-moulded and kept in the lab for 363 another 4 days. Following this, a vacuum (6.7 kPa pressure) was applied to the specimens for 30 minutes, 364 after which they were left immersed for 30 minutes and submerged in a water bath for 3 days at 40°C. 365
The two sets were then tested for ITSM whereby water damage resistance was evaluated by determining 366 the SMR ratio of the samples in each set calculated as follows: 367
The microstructure of the original raw materials and fracture surfaces from the binder pastes were 370 examined using a scanning electron microscopy (SEM). SEM is a technique for high-resolution imaging 371 of surfaces used to examine the morphology of the object. The binder pastes of the ABBCF were 372 prepared and dry samples were investigated with the aid of inspect scanning electron microscopy with 373 accelerating voltages 5-25 kV. Proper fragments were taken off from the core of the paste at due age, 374
i.e. 3 and 28 days for SEM observation. It was very important to guarantee that the fragments were 375 snapped out of the cylinders by impact without touching any tools; if not, the paste surface would not 376 be a natural one and would not represent the materials features correctly. Prior to carrying out SEM 377 observations, the samples were dried in a vacuum pump to eliminate any evaporable water. They were 378 then mounted onto aluminium stubs by means of double-sided adhesive carbon disks. A thin layer of 379
Palladium was used to coat the fracture samples using a sputter coater to improve visibility. 380 Figure 7 shows the evolution of the indirect stiffness modulus test over 1, 3, 7, 14, 28 days for the 383 activated mixtures by replacing the commercial limestone filler with HCFA. A significant improvement 384 in ITSM of the CACB with HCFA was due to the hydration process that produced another binder 385 resulting in additions to the bitumen residue binder. Consequently, the two binders generated 386 microstructural integrity within the HCFA-emulsion mixtures. This resulted in the CACB mixture with 387 HCFA becoming 17+ times higher than the reference LF mixture after just 3 days, offering a stiffness 388 which overcomes that of traditional hot asphalt concrete binder courses 100/150 penetration grade in 389 less than three days. However, the stiffness of the HCFA treated mixture is less than the stiffness of 390
Results and discussion 381
Performance of CACB in ITSM 382
OPC by approximately 7% at 3 days. In contrast, there were no noticeable changes in stiffness for the 391 two grades of hot asphalt concrete binder courses while the control LF showed the lowest ITSM at all 392 ages. The second stage aimed to activate HCFA with FC3R to generate a binary blended cement filler (BBCF). 400
The presence of pozzolanic particles in FC3R help to speed up hydration of the HCFA particles which 401 leads to a more hydrated product. The third stage aimed to employ alkali activation for further development of the BBCF by using waste 413 alkali sodium hydroxide (NaOH) as a replacement of 3.5% of the pre-wetting water content. Alkali- is by adding a NaOH solution. However, in that alkaline environment, it is expected that glass phases 421 of fly ash particles will be broken and react with Ca(OH)2 creating CSH gel. Figure 10 shows that 422 CACB with an alkali activated binary blended cement filler (ABBCF), developed a higher stiffness 423 (approximately 33%) than BBCF mixtures after three days with 100% pre-water replacement by the 424 waste NaOH solution. 425
It can be observed from Figure 9 that CACB with ABBCF offers a significant stiffness modulus in 426 comparison to all other cold mixtures. In addition, the rate of stiffness modulus development was high 427 through to the 7 day point when before a reduction in rate was detected. The target stiffness (2152 MPa) 428 
Temperature sensitivity performance 441
Studying the temperature sensitivity of CACBs can offer a useful insight into the stabilization 442 mechanisms of cold asphalt mixes. Figure 10 
Performance of rutting in wheel track 456
The susceptibility to permanent deformation of the cold asphalt concrete mixtures in comparison to the 457 hot asphalt concrete mixtures were evaluated based on the rut resulting from repeated tracking of a 458 loaded wheel across slab specimens at a high temperature (60°C). Figure 11 shows the rutting test results 459 using the wheel-track. There was a remarkable decrease in rutting depth for CACB mixtures with HCFA, 460 It is of interest to note that the ABBCF mixture dramatically reduced rut depth and exhibits considerably 465 higher rutting resistance than LF, OPC, HCFA, BBCF and both control hot asphalt concrete mixtures. 466
This might be related to the role of waste NaOH creating a dense microstructure activated through the 467 hydration process. Accordingly, the new ABBCF mixture will be able to withstand a considerable traffic Figure 13 shows the SEM photographs after 3 and 28 days of curing for the paste sample and the original 487 raw materials (HCFA and FC3R in their dry state). Significant amounts of hydrates were formed at an 488 early stage of curing within the alkali activated binary blended filler (ABBCF). SEM analysis revealed 489 a more pronounced micro-structural evolution after 3 days; no intact filler particles can be detected after 490 3 days curing, the HCFA and FC3R powder particles found to be converted in to hydrates due to 491 properties which is consistent with the development of the stiffness modulus of the ABBF samples. 493
Scanning electron microscopy (SEM) observation 486
After 28 days, the surface of ABBF is covered by CSH gel and Portlandite (CH). The structure of the 494 ABBCF is dense and crystalline products were mainly found in pore areas of this sample due to the 495 reaction of the active BBCF and NaOH. Consequently, the ABBCF mixture can be said to have 496 improved properties. 497
It is worth mentioning that the air voids present in the ABBCF mixture were 10.25% incomparison to 498 
